͑Submitted 12 August 1998͒ Pis'ma Zh. É ksp. Teor. Fiz. 68, No. 6, 480-485 ͑25 September 1998͒ A theory of quasielastic scattering by a spin liquid with resonating valence bonds is constructed. It is demonstrated that the dependence of the scattering cross section of the spin liquid on the energy transfer has the same shape as the quasielastic peak observed experimentally in heavy-fermion systems. It is shown that a consequence of fact that the excitations of the spin-liquid state obey Fermi statistics is that the total quasielastic scattering cross section oscillates as a function of the momentum transfer. © 1998 American Institute of Physics.
1.
Ever since the idea of describing a state with heavy fermions on the basis of the formalism of a spin liquid of the resonating valence bond ͑RVB͒ type was advanced in a number of works, 1-3 discussions of the adequacy of the proposed model have continued unabated. Despite the fact that RVBs are a quite fruitful idea for describing both the thermodynamic properties 4 and the low-energy spectral response 5 of heavy-fermion systems, an unequivocal proof of the existence of RVB-type correlations is still lacking. The main problem impeding the identification of a spin liquid is the lack of a decisive experiment that would make it possible to accept or reject the quite well-developed concept of RVBs.
The main feature of a state with RVBs is that at low temperatures a system of localized spins undergoes a transformation into a half-filled spin-excitation band whose width T* is of the order of the Kondo temperature T K . 3, 6, 7 The main property that distinguishes a correlated RVB state is that the spin-liquid excitations obey Fermi statistics. The change from Boltzmann statistics characteristic for a system of localized spins to Fermi statistics in the spin-liquid state is the circumstance whose detailed study could reveal the properties that are characteristic of only a strongly correlated state with RVBs.
In the present letter a theory of the quasielastic magnetic scattering of neutrons by a spin liquid is proposed and it is shown that on account of the Fermi statistics of spin excitations in systems with RVBs the total quasielastic scattering cross section oscillates as a function of the transferred momentum .
2.
The basic Hamiltonian describing a state with heavy fermions is the Anderson lattice Hamiltonian for f ions which are hybridized with the conduction electrons. The canonical Coqblin-Schrieffer transformation 8,9 takes hybridization into account in sec-ond order, and the effective Hamiltonian describing the lower doublet ϭϮ of the state of the crystal field assumes the form of an exchange interaction I mm Ј Ј between the spin states at different sites mϭl, (l is the vector of the unit cells and is a basis vector͒:
The operators f m † ( f m ) are Fermi operators creating ͑annihilating͒ states with spin at site m and satisfy the constraint ͚ f m † f m ϭ1.
The state with RVBs that arises at low temperatures is characterized in the meanfield approximation by the appearance of anomalous intersite averages ͗ f m † f m Ј ͘. As a result, the spin-liquid state is determined by the effective Hamiltonian
which describes the spectrum of uncharged Fermi excitations in the spin subsystem. The constants A mm Ј are determined by the values of the exchange integrals and the anomalous averages. 5 The chemical potential is determined from the global constraint for N sites N Ϫ1 ͚ m ͚ ͗ f m † f m ͘ϭ1 and therefore a state with RVBs is described by a half-filled Fermi-particle band which has width ϳT* and whose spectrum is formally similar to the band spectrum in the tight-binding approximation. With the eigenvectors ⌶ the eigenstates ͉͘ of the Hamiltonian ͑2͒ can be represented as a superposition
where (rϪlϪ) are the spatial wave functions of localized f electrons, ͉͘ is the spin component, and k is the wave vector of the state ͉͘. At temperature T the statistical population density of the states ͉͘ with energies is determined by the occupation numbers n ϭ͕1ϩexp͓( Ϫ)/T͔͖ Ϫ1 .
3.
The standard formula for the scattering function for magnetic scattering of neutrons 10 by a single magnetic ion with momentum transfer and energy loss ប is expressed in terms of the matrix elements of the operator Q ϭ ͚ l exp͕i•(lϩ)͖Ĵ and the Cartesian coordinates of the unit vectors ␣ ϭ ␣ /͉͉:
(b is the magnetic scattering length 10 and Ĵ is the total magnetic moment operator͒. The statistical function ⍀ , Ј in the case of scattering by local states of the crystal field depends only on the occupation of the initial states and is determined by Boltzmann statistics. In the case of the Fermi statistics characteristic of a spin liquid the occupation of the final states also plays a role. As a result, ⍀ , Ј assumes the form
